Tumors can become lethal when they progress from preinvasive lesions to invasive carcinomas. Here, we identify candidate tumor progression genes using gene array analysis of preinvasive and invasive tumors from mice, which were then evaluated in human cancers. Immediate early response protein IEX-1, small stress protein 1 (HSPB8), and tumor necrosis factorassociated factor-interacting protein mRNAs displayed higher expression levels in invasive lesions than in preinvasive lesions using samples obtained by laser capture microdissection (LCM) from transgenic erbB2, ras, and cyclin D1 mice. LCM-isolated tissues from patient-matched normal, ductal carcinoma in situ, and invasive ductal carcinoma revealed similar increased expression in invasive human cancers compared with preinvasive and normal samples. These genes induced anchorage independence, increased cell proliferation, and protected against apoptosis, singly or in collaboration with erbB2. Surprisingly, they were all up-regulated by 17B-estradiol and cyclin D1, and cyclin D1 overexpression increased p300/CBP binding to their promoters, supporting the model that cyclin D1-estrogen receptor (ER) coactivator interactions may be important to its role in ER-positive breast cancer. Additionally, an irreversible dual kinase inhibitor of ErbB signaling inhibited expression of the same genes. The up-regulation of genes contributing to increased invasiveness of ER-positive cancers offers a novel explanation for the contribution of cyclin D1 to a worse prognosis in ER-positive cancers. As targets of estrogen, cyclin D1, and erbB2 signaling, these candidates offer insights into the nature of the second events involved in breast cancer progression, regulatory events contributing to invasion, and potential targets of combined inhibition of hormone and growth factor signaling pathways. (Cancer Res 2006; 66(24): 11649-58) 
Introduction
Human malignancies are highly evolved and complex tissues that result from selection for mutations that permit autonomous growth (1) . Tumors can become lethal when they locally invade or distantly metastasize; both events define tumor progression (2) .
The long-dominant model of tumor progression considers it the result of individual stochastic mutations that accumulate in progressively more aggressive subpopulations (3) . A more recent view proposes that tumor progression results from continuous selection for events that originally caused the tumor, which become quantitatively more abnormal (4) (5) (6) . This alternative model is particularly supported by laser capture microdissection (LCM) studies of disease progression (5, 7) . Because much of our knowledge of the pathologic stages of breast cancer is based on histologic observations and it is critical to define events that take place in specific cell populations, LCM is a particularly attractive approach to evaluate genetic changes accompanying tumor progression.
We addressed previously this issue by examining tumor progression in humans using LCM-dissected tissues from patients who had been diagnosed with both noninvasive and invasive tumors (5) . Mouse models that recapitulate tumor progression offer an attractive alternative for analysis (8) . Early transgenic studies focused on the stochastic nature of tumor development in transgenic models (9) . In contrast, quantitative, nonstochastic expression changes accompanying transgenic tumor progression have received little attention. Identification of conserved genetic events accompanying tumor progression in both mouse models and human disease should provide a powerful approach to genetic analysis of tumor progression.
Cyclin D1 remains a particularly interesting breast cancer oncogene (10) . Its expression is both essential for normal mammary development and its overexpression causes mammary tumors (11, 12) . Cyclin D1 acts either by associating with cyclin-dependent kinases (CDK) 4/6 to phosphorylate the retinoblastoma protein (pRb; ref. 13) , by titrating p21-CIP1 away from other G 1 -regulating CDKs (14) , or by CDK-independent transcriptional effects (15) . Overexpression of cyclin D1 is associated with estrogen receptor (ER)-positive breast cancers and connotes a worse prognosis (16) (17) (18) (19) . This has been explained variously as resulting from estrogen regulation of cyclin D1 (20) or as the result of direct interactions between ER coactivators and cyclin D1 that activate estrogen response elements (ERE; refs. [21] [22] [23] . However, no endogenous gene has been identified that responds to both cyclin D1 and estrogen as predicted by these protein-protein interactions, and no estrogen-responsive gene has been associated with invasive breast cancers caused by cyclin D1.
Tumors develop in cyclin D1-overexpressing mammary models following a long preinvasive phase (24) . Accumulating genetic evidence also places cyclin D1 as a downstream effector of tumor formation by erbB2 (25, 26) . Tumors in erbB2 transgenic mice show increased cyclin D1 levels; this increase is mediated by ras signaling. Consequently, increased cyclin D1 expression is expected in mouse mammary tumor virus (MMTV)-erbB2, MMTV-ras, and MMTV-cyclin D1 transgenic tumors (27) . The coexistence of invasive tumors and large amounts of preinvasive tissue in mice from identical genetic backgrounds offers an interesting opportunity to evaluate quantitative genetic events accompanying breast cancer progression.
Here, we report the identification of candidate tumor progression genes in oncogene-specific breast cancer models that were then evaluated in human tumors for parallel quantitative changes associated with disease progression. We focused on breast tumors induced by erbB2 and cyclin D1 because these genes are clinically important and may lie in the same signaling pathway (11, 25) . Using this approach, we identified three genes associated with cancer progression that blocked apoptosis and promoted oncogenic transformation in cell-based models. Expression of all three genes increased in response to cyclin D1 and estrogen, providing an interesting new explanation for the known association between cyclin D1 expression and poor prognosis, ER-positive breast cancers.
Materials and Methods
Cell culture and DNA constructs. MCF-7, BT-474, MDA-MB-453, and NIH3T3 cells were grown in conditions indicated by the supplier (American Type Culture Collection, Manassas, VA). The IEX-1 vector was from S. Maheswaran [Massachusetts General Hospital (MGH), Boston, MA], the 17h-estradiol-inducible small stress protein (SSP) 1 (E2-SSP1, HSPB8, HSP22) plasmid was from R. Benndorf (University of Michigan, Ann Arbor, MA), and the tumor necrosis factor (TNF)-associated factor-interacting protein (TRAF-IP) plasmid was from S. Lee Mice, tumor samples, and LCM. MMTV-cyclin D1 and MMTV-erbB2 transgenic mice were described previously (25) . MMTV-ras mice were purchased from Charles River Laboratories (Wilmington, MA). Female transgenic mice were maintained in inbred FVB genetic backgrounds according to approved protocols of the MGH Animal Advisory Committee. LCM was described previously (5) . For transgenic mouse samples, tumors or preinvasive mammary tissues were simultaneously microdissected from the tumors and a contralateral uninvolved gland.
LCM, RNA isolation and amplification, microarray analysis, human samples, and quantitative real-time PCR analysis. For mouse samples, total RNA was extracted from captured cells and underwent two rounds of T7-based RNA amplification (5) . The amplified RNA (aRNA) product was converted to double-stranded cDNA, which was used for probe synthesis in microarray analysis containing 5,184 murine cDNAs (Research Genetics, Carlsbad, CA) as described (5) .
For human samples, patient-matched normal breast tissue, atypical ductal hyperplasia (ADH), ductal carcinoma in situ (DCIS), or invasive ductal carcinoma (IDC) were microdissected from snap-frozen breast tissue where the normal tissue was at a minimum 0.3 cm from any premalignant or malignant lesion. The clinical characteristics of the 36 patients used in these studies are described in previous Supplementary Materials (5). 7 Both ADH and DCIS were available for seven of these patients and are summarized together as DCIS-ADH in our data below (n = 42). IDC samples were available from 27 of the patients. For both mouse and human samples, quantitative real-time PCR (qrtPCR) was done using standard methods (25) . Primer sets used are listed in Supplementary Table S1 .
To validate the human genes identified by the LCM-isolated patient samples, we evaluated an alternative set of paired bulk tumor-normal samples (29) . Sufficient material was available from nine patients to isolate mRNA and analyze it by qrtPCR.
Western blot analysis. For Western blots, frozen mammary tissues were crushed in liquid nitrogen using a mortar and pestle. Protein lysates were made by passing the resulting powders through a 20-gauge needle at 4jC in TNE buffer [50 mmol/L Tris (pH 8.0), 150 mmol/L NaCl, 5 mmol/L EDTA, 1% NP40]. Fifty microgram of total protein were used in standard immunoblots. Membranes were incubated with an affinity-purified rabbit polyclonal anti-cyclin D1 (16) , rabbit polyclonal anti-erbB2 (A0485, DAKO, Carpinteria, CA), and two anti-ER antibodies (HC-20 and MC-20, Santa Cruz Biotechnology, Santa Cruz, CA). A mouse monoclonal antibody against actin (Boehringer, Ridgefield, CT) assessed loading equivalence. Secondary antibodies were either purchased from Santa Cruz Biotechnology or those included in an enhanced chemiluminescence detection kit (Amersham, Piscataway, NJ).
Soft agar colony formation assay. For NIH3T3 soft agar assays, NIH3T3 cells were stably transfected; pools of transfectants were selected in G418, and these pools were used in soft agar assays (30) . For MCF-10A soft agar assays, cells expressing an erbB2 chimera were infected with pBABE-puro retroviruses containing the genes of interest (31) , and pools of cells selected in puromycin were used for soft agar assays.
erbB2 dimerization. Inducible activation of erbB2 was carried out using a chimeric form of erbB2, which contains the extracellular and transmembrane domains from the p75 low-affinity nerve growth factor receptor, the cytoplasmic domain of erbB2, and the FKBP ligand binding domain (32) . Cells expressing the chimera were treated with the synthetic FKBP analogue AP1510 (500 nmol/L; Ariad, Boston, MA) to inducibly activate erbB2 (31, 32) .
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. MCF-7, BT-474, or T47D cells stably transfected with genes of interest were seeded at a density of 1,000 per well for 10 wells per cell construct per time point in a 96-well plate and cell numbers or proliferation were assayed with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; ref. 33) . One-way ANOVA and/or Student's t test were used to determine statistical significance.
Apoptosis analysis by Z-Val-Ala-Asp-fluoromethyl-ketone assay. Because MCF-7 cells lack caspase-3, a cell-permeable tripeptide [Z-ValAla-Asp-fluoromethyl-ketone (Z-VAD-fmk)] that broadly inhibits multiple caspases was used to assess apoptosis (34) . MCF-7 cells were seeded at 200,000 per well in a six-well plate. Cells grown to 70% confluence were incubated with 50 Amol/L Z-VAD-fmk or vehicle control for 1 hour before the addition of 10 ng/mL TNF-a or its vehicle. For growth factor removalinduced apoptosis, cells grown to 75% confluence were incubated in phenol red-free and serum-free medium for up to 6 days. Apoptosis was monitored daily beginning 3 days after serum removal. Seventy-two hours after TNF-a treatment or at the end of growth factor removal, the attached cells were trypsinized and mixed with the floating cells in the cell medium. Trypan blue-excluding cells were counted using a hemocytometer. Apoptosis was determined as the difference between trypan blue-stained cells treated with vehicle and those treated with Z-VAD-fmk.
Measurement of gene regulation by estrogen and cyclin D1. The estrogen dose-response assay was conducted using MCF-7 BUS cells (35) grown in the indicated concentrations of 17h-estradiol for 3 days; RNA was harvested during active proliferation. Levels of the indicated genes were measured using qrtPCR and plotted as fold change. Each treatment was done in triplicate; mean and SDs are shown.
MCF-7 transfectants were created using cytomegalovirus (CMV)-driven vectors containing cyclin D1 or one of the two cyclin D1 mutants using G418 selection for colinear neomycin markers. Proliferating MCF-7 cells expressing the cyclin D1 variants or empty vector control were incubated in phenol red-free DMEM with 5% charcoal-stripped serum for 3 days before treatment. Stable transfectants were then treated for 1 hour with 100 nmol/L 17h-estradiol or vehicle control at 37jC and total RNA was harvested with Trizol (Invitrogen, Carlsbad, CA). mRNA was reverse transcribed into cDNA and converted to dsDNA. qrtPCR was done as described above to assess response to 17h-estradiol and/or the effects of overexpressed cyclin D1 or its mutants on gene expression.
Chromatin immunoprecipitation assays. We evaluated promoter binding in MCF-7 cells grown in phenol red-free DMEM with 5% charcoal-stripped serum for 3 days and treated with vehicle or 100 nmol/L 17h-estradiol for 1 hour. Cross-linking was done by adding 37% formaldehyde to a final concentration of 1.5% for 15 minutes at 25jC with gentle agitation. The reaction was stopped by adding 0.125 mol/L glycine for 5 minutes. Cells were scraped and collected by centrifugation; the pellet was washed twice with ice-cold PBS [120 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L phosphate buffer (pH 7.4)] and twice with immunoprecipitation buffer [150 mmol/L NaCl, 5 mmol/L EDTA, 1% Triton X-100, 0.5% NP40, 50 mmol/L Tris-HCl (pH 7.5), 0.5 mmol/L DTT] and resuspended with immunoprecipitation buffer supplemented with 0.5% SDS and protease inhibitor cocktail (Roche, Basel, Switzerland). Sonication was done until desired DNA fragment sizes were reached. The lysate was then subjected to 12,000 Â g centrifugation for 10 minutes. The supernatant was collected and diluted 5-fold with immunoprecipitation buffer. For immunoprecipitation, anti-ER antibody (HC-20), anti-p300/CBP antibody (A-22) from Santa Cruz Biotechnology, or an equal concentration of normal rabbit serum was added to the lysate and incubated at 4jC overnight with agitation. Protein A-Sepharose beads (Amersham) were added to the mixture and incubated for 1 hour. The beads were collected by centrifugation and washed twice with immunoprecipitation buffer, twice with high-salt immunoprecipitation buffer [500 mmol/L NaCl, 5 mmol/L EDTA, 1% Triton X-100, 0.5% NP40, 50 mmol/L Tris-HCl (pH 7.5), 0.5 mmol/L DTT], twice with stringent wash buffer [10 mmol/L Tris-HCl (pH 7.5), 0.25 mol/L LiCl, 0.5% NP40, 0.5% sodium deoxycholate, 1 mmol/L EDTA], and twice with TE buffer (10 mmol/L Tris-HCl, 0.1 mmol/L EDTA). The bound fraction was eluted in elution buffer (TE with 1% SDS) at 65jC for 10 minutes. Cross-links were reversed by incubating the eluate at 65jC for 6 hours. Samples were treated with proteinase K at 45jC for 1 hour, phenol/chloroform extracted, and ethanol precipitated. The primer sets used in PCRs are listed in Supplementary Table S2 . PCRs were done on sample aliquots using denaturation at 95jC for 3 minutes followed by 35 cycles of 95jC for 30 seconds, 59jC for 45 seconds, and 72jC for 30 seconds. qrtPCR amplification of the promoter regions was done with 3 AL DNA using the indicated primers and iQ SYBR Green Supermix from Bio-Rad (Hercules, CA) following the manufacturer's instructions.
Dual-function tyrosine kinase inhibitor and ER inhibitor studies. We did not control estrogen levels in either the medium or sera used for these experiments. mRNA was harvested from cells treated with the inhibitors or vehicle controls 72 hours after treatment and gene expression was assessed by qrtPCR. Proliferating MCF-7 or BT-474 cells in DMEM with 10% bovine growth serum were incubated with 100 nmol/L fulvestrant or vehicle control to evaluate its effects on the candidate genes. Effects of the inhibitors on cell proliferation were evaluated 72 hours after treatment using the MTT assay.
Results
Identification of genes that display distinguishable levels of expression in preinvasive and invasive tumors. To identify genes that promote progression of preinvasive tissues to invasive carcinomas, we compared mRNA expression in preinvasive and invasive lesions in mammary tissues isolated from the same mouse using LCM. By analyzing transgenic models of human breast cancer-expressing genes that are thought to fall in a single proliferation control pathway (erbB2, ras, and cyclin D1), we sought to identify genes that might complement or lie downstream of this pathway and contribute to tumor progression. We first identified genes that displayed >2-fold differences in expression between preinvasive and invasive tissues in all mice from all three genotypes examined in the arrays (as detailed in Table 1 legend). These array results were confirmed by comparing qrtPCRs of the aRNAs used in the arrays. We then compared changes in expression of the genes using qrtPCR of bulk normal mammary tissues, cyclin D1-induced preinvasive tissues, cyclin D1-induced tumors, and erbB2-induced tumors. Table 1 shows the fold changes in expression of the three genes (E2-SSP1, the immediate early response gene IEX-1, and TRAF-IP) that showed significant differences between murine cyclin D1 tumors and normal controls and between murine erbB2 tumors and normal controls.
We previously used microarrays to analyze gene expression changes across different stages of human breast cancer in aRNAs from tissues LCM microdissected from normal, ADH, DCIS, and IDC lesions that were isolated from 36 individual patient-matched samples (5). Although we previously used microarrays, in this study, we used qrtPCR of the isolated aRNAs to analyze expression changes only for the candidate genes identified by the murine samples. Of these, the same three genes displayed statistically significant changes in expression during carcinogenesis and cancer progression in human lesions as were found in mice (Table 1) . Expression changes in these three genes are plotted for individual tumors in Supplementary Fig. S1 , which presents scatter plots for the fold changes comparing tumor-normal and tumor-hyperplasia pairs. These genes increased ubiquitously in all murine tumors studied. The increases were progressive from preinvasive to invasive tumors.
We then used a separate set of human breast cancers to independently validate the role of these three genes in breast carcinogenesis (29) . Using this alternative set of tumors, E2-SSP1 increased 2.3 F 0.7-fold (P = 0.001, t test), IEX-1 increased 3.8 F 0.7-fold (P = 6.5 Â 10 À7 ), and TRAF-IP increased 2.7 F 0.7-fold (P = 0.001) in breast cancers.
Functional analysis of genes up-regulated in breast tumors. To examine their biological activities, we evaluated the effects of ectopic expression of E2-SSP1, TRAF-IP, and IEX-1 in cell-based assays. As expected for genes involved in carcinogenesis and progression, E2-SSP1, TRAF-IP, and IEX-1 promoted colony formation in soft agar assays (Fig. 1) . When NIH3T3 transfectants were tested quantitatively for enhanced growth in soft agar colony assays, all three genes promoted anchorage-independent growth on their own (Fig. 1A) . We also examined all three genes in MCF-10A cells that express an inducible variant of erbB2 that can be activated with a small molecule, AP1510, thus allowing us to examine collaborative effects of erbB2. All three genes promoted soft agar colony formation in the absence of erbB2 activation and synergistically enhanced soft agar colony formation in collaboration with erbB2 homodimerization (Fig. 1B) .
We tested the effects of E2-SSP1, TRAF-IP, and IEX-1 on cell proliferation and apoptosis to examine possible mechanisms underlying their effects on carcinogenesis. All three genes increased proliferation of transfected T47D (Fig. 1C) and MCF-7 cells (Fig. 1D) . It seemed probable that this increased proliferation rate resulted from suppression of apoptosis because transfected cells accumulated faster without evident changes in S-phase entry. We therefore tested all three genes for antiapoptotic activity in MCF-7 and T47D using growth factor withdrawal and treatment with a death ligand to induce apoptosis. Cell death was decreased from a baseline of 18.0 F 3.4% apoptotic cells in MCF-7 cells to 9.7 F 3.9% by IEX-1S, 10.9 F 4.0% by IEX-1L, 10.3 F 3.9% by E2-SSP1, and 11.2 F 2.0% by TRAF-IP after growth factor removal. (P < 0.05, t test; graphs presented in Supplementary Fig. S2 ) The three genes decreased apoptosis in MCF-7 cells treated with TNF-a from 16.2 F 1.9% to 10.2 F 1.8% by IEX-1S, 6.9 F 1.3% by IEX-1L, 4.5 F 1.3% by E2-SSP1, and 11.2 F 2.1% by TRAF-IP (P < 0.05, t test for all genes). The candidate genes also blocked apoptosis in T47D transfectants using growth factor removal or FAS ligand to provoke apoptosis (shown in Supplementary Fig. S2 ).
Regulation of candidate progression genes in response to cyclin D1 expression and to estrogen stimulation. Transgene expression frequently increases in transgenic tumors. This phenomenon is shown here for MMTV-cyclin D1 mice ( Fig. 2A) . We therefore considered that cyclin D1 might up-regulate the candidate genes. Using qrtPCR to measure mRNA levels in MCF-7 cells transfected with a control vector or cyclin D1, E2-SSP1 mRNA increased 23.3-fold in MCF-7 cells stably transfected with cyclin D1 (Fig. 2B) . IEX-1 increased by 77% and TRAF-IP increased by 64% in response to cyclin D1. We were particularly interested in this regulation by cyclin D1 because cyclin D1 is associated with ERpositive tumors, and the E2-SSP1 gene is highly responsive to 17h-estradiol (36) . We therefore evaluated the estrogen regulation of all three progression genes using MCF-7 (BUS) cells (35) and found dose-dependent 17h-estradiol stimulation of E2-SSP1, IEX-1, and TRAF-IP (Fig. 2C) . Finally, we used Western blots to show that all of the tumors found in the MMTV-cyclin D1 mice expressed the ER, an important finding in mouse models of human breast cancer (Fig. 2D ).
To better understand the mechanisms underlying cyclin D1 and 17h-estradiol regulation of the candidate genes, we transfected MCF-7 cells with two additional mutant forms of cyclin D1. The KE mutant of cyclin D1 cannot interact with CDK4 and therefore cannot phosphorylate pRb (37) . The LALA mutant of cyclin D1 lacks a steroid coactivator interaction domain and cannot activate EREs (23) . These constructs were transfected into pooled MCF-7 cell transfectants. Using qrtPCR, changes in E2-SSP1 mRNA were then evaluated in the four types of transfectants, in the absence and presence of 17h-estradiol. E2-SSP1 expression increased >20-fold in cells expressing the KE mutant (Fig. 3A) ; the effect of cyclin D1 was blunted using the LALA mutant. We then evaluated E2-SSP1 expression in both the absence (Fig. 3A, white columns) and presence (Fig. 3A, black columns) of 17h-estradiol in the various transfectants. 17h-Estradiol increased E2-SSP1 mRNA f4-fold in the control cells and magnified cyclin D1-induced changes in the cyclin D1 and KE transfectants. Estrogen treatments with the LALA mutant of cyclin D1 had smaller effects.
Cyclin D1, 17h-estradiol, and the cyclin D1-17h-estradiol combination had similar but smaller effects on IEX-1 and TRAF-IP. IEX-1 mRNA increased in response to cyclin D1, its mutants, and combinations with 17h-estradiol (Fig. 4A) . TRAF-IP mRNA increased in response to cyclin D1 and its mutants (Fig. 4B) but NOTE: Array fold change was calculated as the mean of 12 independent microarrays, which were done on six mice, and each array was done in duplicate. Ratios of hyperplasia/normal and tumor/normal and ratios of DCIS/normal, IDC/normal, and IDC/DCIS in human samples were calculated using the values from real-time qrtPCR for each tissue or tumor type. No erbB2 mouse ever developed bulk preinvasive tissues that could be distinguished from tumor tissue so no erbB2 hyperplasia data are presented. Shown are the mean F SE for the indicated tissues. Genes shown include E2-SSP1, the immediate early response-3 gene IEX-1, and TRAF-IP. In the initial arrays, the genes that displayed >2-fold differences in expression between preinvasive and invasive tissues in all mice from all three genotypes included the following: (a) E2-SSP1 (HSPB8, HSP22),
s tyrosine kinase (BTK), ( f ) cytidine monophospho-N-acetylneuraminic acid synthetase (CMAS), (g ) melanoma-related gene-1 (cited-2), (h) CGI55, (i) cadherin-1, (j) milk fat globule-epidermal growth factor 8 protein (lactadherin), (k) adipsin, (l) E2 ubiquitin-conjugating enzyme (E2UCE), and (m) S-acyl fatty acid synthase thioesterase (SAFAT).
Three genes (lactadherin, adipsin, and E2UCE) were down-regulated in the mouse array results but up-regulated in the murine bulk tumors and were therefore not further analyzed. Tescalcin was significantly increased in mice tumors but was significantly decreased in the human tumors. Differences in expression between preinvasive and invasive tissues for five genes, including BTK, CMAS, cited-2, CGI55, and cadherin-1, failed to show statistically significant differences in either the bulk murine tumor tissues or in the human LCM-isolated samples. SAFAT decreased significantly during murine tumor progression, similar to the reported changes in the human breast cancer-associated fatty acid synthase (49). However, SAFAT was only expressed in five normal human tissues and is known to function in milk production. It was therefore not further analyzed.
was less 17h-estradiol responsive in these transfectants than previously observed in the untransfected MCF-7 BUS cells (Fig. 2C) , perhaps due to the multiple passages required during transfections. Cyclin D1 and estrogen increase ER and CBP binding at the candidate gene promoters in chromatin immunoprecipitation experiments. We did chromatin immunoprecipitations (ChIP) to determine whether these responses to 17h-estradiol and cyclin D1 resulted from changes in genomic ER binding to the E2-SSP1 promoter ( Fig. 3B and C) . We used quantitative ChIPs for ER and p300/CBP in the absence and presence of 17h-estradiol. ER binding to the E2-SSP1 promoter increased markedly in response to both 17h-estradiol treatment and cyclin D1 expression (Fig. 3B) . This binding increased further in response to the combination of 17h-estradiol and cyclin D1. Cyclin D1 expression also increased the binding of CBP to the E2-SSP1 promoter (Fig. 3C) . We further found that cyclin D1 increased both ER and CBP binding at the IEX-1 promoter (Fig. 4C) and TRAF-IP promoters (Fig. 4D) .
Inhibition of erbB2 receptor signaling down-regulates expression of the candidate genes. We originally sought to find genes that either complement or lie downstream of the erbB2 ! cyclin D1 pathway by identifying mRNAs that increased in invasive mammary lesions from erbB2 and cyclin D1 transgenics. As expected, erbB2 is indeed increased in transgenic erbB2 tumors (Fig. 5A) . To investigate the role of erbB2 as a potential regulator of the candidate genes, we therefore treated BT-474 cells, which overexpress erbB1 and erbB2, with an irreversible dual kinase inhibitor of erbB1/erbB2 signaling (CL-387,785). TRAF-IP, E2-SSP1, and IEX-1 mRNAs all decreased after treatment with this inhibitor (Fig. 5B) .
The development of endocrine therapy resistance is a critical issue in breast cancer therapy and increasing data suggest that hormone therapy-resistant tumors become dependent on growth factor signaling (38, 39) . We evaluated BT-474 cells, which are also ER positive, because combinations of dual kinase inhibitors and hormonal therapy are promising therapies for use to prevent hormone therapy resistance (40) . We therefore examined the response of TRAF-IP, E2-SSP1, and IEX-1 to fulvestrant and combinations with either the irreversible dual kinase inhibitor or a reversible competitive dual kinase inhibitor (4557W; Fig. 5C ). Fulvestrant (100 nmol/L) effects on the three genes varied somewhat among cell lines. E2-SSP1 mRNA fell to 10.1 F 0.4%, IEX-1 mRNA fell to 47.9 F 3.7%, and TRAF-IP mRNA fell to 17.5 F 0.6% of their pretreatment levels after fulvestrant treatment of MCF-7 cells (data not graphed). Fulvestrant decreased E2-SSP1 . Columns, mean of four wells; bars, SE. In this assay, erbB2 alone did not induce colonies. C, enhanced proliferation rates in T47D cells stably overexpressing three candidate breast cancer progression genes. Points, mean of the A 550 values for 10 wells stained with MTT to determine relative cell numbers at the indicated days (X axis ); bars, SD. pBABEpuro expression constructs were used to obtain T47D cells overexpressing IEX-1S, IEX-1L, E2-SSP1, TRAF-IP, and a vector control (pBABE). E2-SSP1, IEX-1L, and TRAF-IP, P < 0.02 on days 5 and 7 by t test compared with vector control. IEX-1S, P < 0.05 on day 7. D, enhanced proliferation rates in MCF-7 cells stably overexpressing three candidate breast cancer progression genes. Points, mean of the A 550 values for 10 wells stained with MTT to determine relative cell numbers at the indicated days (X axis ); bars, SD. pcDNA expression constructs were used to obtain MCF-7 cells overexpressing IEX-1S, IEX-1L, E2-SSP1, TRAF-IP, and a vector control (pcDNA). E2-SSP1, IEX-1L, and IEX-1S, P < 0.01 on days 3, 5, and 7 by ANOVA compared with vector control. TRAF-IP, P = 0.27 and 0.35 on days 5 and 7, respectively. mRNA to 10% and TRAF-IP mRNA to 74% of their pretreatment levels in BT-474 cells (Fig. 5C) . For unclear reasons that may be related to cell-specific interactions between ER and erbB1 signaling, fulvestrant increased IEX-1 mRNA in this cell line. The competitive dual kinase inhibitor 4557W (25 Amol/L) decreased both TRAF-IP and IEX-1 mRNAs to a similar extent as CL-387,785 (6 Amol/L) but was not as effective in decreasing E2-SSP1. When 100 nmol/L fulvestrant was combined with either inhibitor, however, TRAF-IP, E2-SSP1, and TRAF-IP mRNAs fell more than when the cells were treated with the kinase inhibitors alone. Combinations of CL-387,785 with fulvestrant may be more meaningful for TRAF-IP and IEX-1 because fulvestrant alone was more effective than the combinations in reducing E2-SSP1 levels. Finally, we confirmed that at these doses the combination of fulvestrant with the dual kinase inhibitors had stronger effects on BT-474 cell proliferation (Fig. 5D ).
Discussion
Breast cancer progression genes. By identifying genes whose expression increased as tumor invasion progressed, we distinguished three genes that were associated with the histologic changes accompanying cancer progression. IEX-1 (NM 133662) was initially found as a radiation-inducible protein in squamous carcinomas (41) . It blocks apoptosis and causes T-cell lymphomas in transgenic mice (42) . TRAF-IP (NM 011634) is a novel component of the TNF receptor signaling complex that inhibits TNF-induced nuclear factor-nB (NF-nB) activation but not interleukin-1-induced NF-nB activation (43) . E2-SSP1 was identified as SSP (NM 030704, HSPB8; ref. 36) , which transformed tissue culture cells. Its isolation as a target gene of estrogen action led us to term it a E2-SSP1 (36). Our results confirm that all three genes have relatively weak transforming activities that are magnified by collaboration with erbB2 (Fig. 1) . . Virgin (V ) and lactating (L) tissues were included as preneoplastic controls. Two tumors (T ) were included to assess increased expression of the cyclin D1 transgene. Actin loading control. B, MCF-7 cells were transfected with a control vector or pCMV-cyclin D1. Pooled transfectants were selected in G418, and mRNA and protein harvested from confluent cells showed overexpression of the transfected cyclin D1 (data not shown). Expression of the three candidate progression gene mRNAs increased in response to cyclin D1 comparing fold increases in candidate mRNAs between the cyclin D1 transfectants and the vector-transfected controls. Columns, mean increase of three determinations; bars, SD. Y axis, fold or percentage change. The reverse-transcribed cDNA for all samples was measured on a fluorometer and each qrtPCR was carried out using identical amounts of cDNA. C, 17h-Estradiol induced expression of E2-SSP1, TRAF-IP, and IEX-1 in MCF-7 BUS cells. Fold increases in mRNA levels measured by qrtPCR compared with no addition of 17h-estradiol in cells continuously proliferating in the indicated concentrations of 17h-estradiol. Expression of the indicated mRNAs. Points, mean of six determinations at each point; bars, SE. X axis, 17h-estradiol concentration in picomolar; Y axis, fold increase when compared with the vehicle-treated cells. D, mammary tumors in MMTV-cyclin D1 transgenic mice are ER positive. Western blots for ER, cyclin D1 (D1 ), and actin (Act). We used two different antibodies to the ER in the two different blots. Samples are from MMTV-cyclin D1 hyperplasia (D1-H# ) and tumor tissues (D1-T#). Tumor samples are identical between the top two rows and the bottom three rows. We used MCF-7 and T47D cells as positive controls for ER (top row ) and compared them to MB468 as a negative control. D1-H, cyclin D1 transgenic hyperplasia mammary tissue; D1-T, cyclin D1 transgenic mammary tumors. We used ZR75 as a positive control for ER and cyclin D1 compared with SAOS2 as a negative control (third and fourth rows ) for both genes.
Transgenic models have guided many perspectives about the nature of cooperating events in tumor progression. Collaborating events have been confirmed using genetic crosses (9) . DNA microarray technology has been used to identify gene expression signatures in mouse models (44) . Using arrays to identify candidate genes, we sought to identify changes in invasive breast cancers that might result from progressive quantitative changes in gene expression. To provide the best chance to identify genes relevant to human breast cancer, we focused our studies on a signaling pathway important in human breast cancer (11, 25) . Through microarray analysis and qrtPCR, we identified three candidate genes (Table 1) .
We then extended our analysis to human samples to evaluate whether any candidates might be relevant to human disease.
The histology of murine transgenic tumors strongly mimics the appearance of human tumors expressing human breast cancer genes used to generate the models (8) . To assess the degree to which murine models also model the molecular pathogenesis of specific human tumor types, we focused on a comparison of erbB2-and cyclin D1-driven models and disease. Interestingly, the carcinogenesis and progression genes identified in our screen identified both general progression events and specific pathogenic events in cyclin D1-and erbB2-driven tumors. The initial increases in expression of the three genes from normal murine to hyperplastic tissues (E2-SSP1, 4.0-fold; IEX-1, 2.5-fold; and TRAF-IP, 19-fold) were magnified when tumors were compared with normal controls (70-, 43-, and 65-fold) in the cyclin D1 model. Comparing the change from normal human to DCIS with the change from DCIS to IDC, the E2-SSP1 increased first 11-fold and then another 8-fold, IEX-1 first increased 3.2-fold and then another 2.8-fold, and the TRAF-IP first increased 1.95-fold and then another 1.4-fold. Importantly, E2-SSP1 showed the most specific response to cyclin D1 and erbB2 because its increase was only 11.6 F 5.2-fold in cyclin D1-and erbB2-negative tumors but became 22.4 F 7.5-fold in cyclin D1-positive tumors, 30.6 F 11.1-fold in cyclin D1/ERpositive tumors, and 20.8 F 9.7-fold in erbB2-positive tumors. IEX-1 increased 1.6 F 0.4-fold in cyclin D1-and erbB2-negative tumors but became 3.7 F 0.8-fold in cyclin D1-positive tumors, 4.6 F 1.2-fold in cyclin D1/ER-positive tumors, and 4.0 F 0.7-fold in erbB2-positive tumors. TRAF-IP did not show significant relationships with cyclin D1 or erbB2, perhaps because the magnitude of its change was less than the other two genes. Obviously, these three genes are not likely to be the only genes involved in breast cancer progression because we analyzed only the named genes in arrays that contained an incomplete set of mouse cDNAs. It is probably not surprising that the genetic changes we found in the human tumors did not precisely match all of the events identified in the mouse model tumors given the greater complexity of the genetic events contributing to the human cancers. However, it is remarkable that we identified previously undiscovered endogenous targets of the proposed molecular interaction between cyclin D1 and the ER that was first proposed in human cells.
The identity of the genes we found agree with a view that acquisition of resistance to apoptosis may be a particularly important step in cancer progression (45) . Proliferative oncogenic signals like those used in our mouse models, including erbB2, ras, and cyclin D1, simultaneously act as potent activators of cell death (45, 46) . Coupling of their oncogenic signals to the death apparatus usually serves to check neoplastic development in normal cells. It is therefore not unexpected that all three genes displayed antiapoptotic functions.
Regulation of breast cancer progression genes. We initially evaluated erbB2, ras, and cyclin D1 transgenic mice to identify oncogenic events that might complement or fall downstream of the proposed erbB2 ! cyclin D1 signaling pathway. Importantly, expression of all three candidates increased in association with increased erbB2 and/or cyclin D1 in our human tumors (Table 1) . Thus, selection for the driving event in oncogenesis likely drives some of the increased expression of these cancer progression genes.
Estrogen response was a second event regulating expression of our cancer progression genes (Fig. 2C) . The prevalence of ER-positive tumors in our patient samples might have contributed to our identification of ER-responsive genes because 80% of Figure 3 . E2-SSP1 gene regulation by cyclin D1 and estrogen. A, expression of E2-SSP1 mRNA increases in response to cyclin D1 and to estrogen. MCF-7 cells were transfected with a control vector (Vector), pCMV-cyclin D1, pCMV-cyclin D1 mutant KE (KE), and pCMV mutant LALA (LALA ). Pooled transfectants were selected in G418, and mRNA and protein were harvested from confluent cells to evaluate expression of the transfectants. mRNA was harvested from the indicated transfectants in the absence (white columns marked with À) and presence (black columns marked with +) of 17h-estradiol as described in Materials and Methods. Columns, mean of three determinations; bars, SD. We used qrtPCR to assess fold increases in expression of E2-SSP1; Y axis, fold change. The reverse-transcribed cDNA for all samples was measured on a fluorometer and each qrtPCR was carried out using identical amounts of cDNA. B and C, ChIP was carried out using nonimmune serum, anti-ER (a-ER; B), and anti-CBP (a-CBP; C) as described in Materials and Methods. Immunoprecipitations were done in the absence (white columns ) and presence (black columns ) of 17h-estradiol. Nonimmune serum generated no signal. Columns, mean of triplicate samples shown as a percentage of input; bars, SD. ChIP assays were done for vector control-transfected cells (Control ) and cells transfected with cyclin D1 (cyc D1 ).
the human neoplasias (DCIS-ADH plus IDC) studied were ER positive. Moreover, we have now shown that murine MMTV-cyclin D1-induced tumors are ER positive (Fig. 2D) . The combination of screening in both cyclin D1-driven tumors and these particular human samples probably contributed to our identification of genes regulated in response to both cyclin D1 and ER. Importantly, although the association of cyclin D1 and ER is well described, endogenous target genes of both have never been identified previously. This result suggests the important possibility that selection for the combination of cyclin D1 and the ER causes a more invasive phenotype than expression of ER alone, which might also explain the association between cyclin D1 and the development of invasive characteristics (17) .
Why is cyclin D1 overexpression associated with ER-positive breast cancers? Overexpression of cyclin D1 is associated with ERpositive breast cancers (16, 19) . Remarkably, despite CDK4-dependent phosphorylation of pRb by cyclin D1, CDK activity is not increased in breast cancer (47) . We were therefore quite interested to find out that our genes responded to both estrogen stimulation and cyclin D1, as expected if cyclin D1 indeed interacts with coactivators of the ER (21) (22) (23) . Interactions between cyclin D1 and the ER were first suggested when transfected cyclin D1 was shown to induce ERE-driven reporter gene expression (21, 22) . This induction was independent of both CDK4 and estrogen ligand and depended on direct protein interactions between cyclin D1 and either the steroid coactivator-1 or the p300/CRB-binding protein associated protein (23, 48) . Importantly, a mutation (the LALA mutant) in a leucine-rich motif in cyclin D1 blocks activation of the ERE by cyclin D1 (23) .
Our results are consistent with this proposed interaction between cyclin D1 and the steroid coactivator apparatus. Cyclin D1 expression uniformly enhanced p300 coactivator binding to the E2-SSP1, IEX-1, and TRAF-IP promoters (Figs. 3 and 4) . Cyclin D1 increased expression of all three genes (Fig. 2B) . Importantly, although estrogen induced expression of all three genes, its effects occurred independently of the effects of cyclin D1 as would be predicted by the previous ligand independence of the effects of cyclin D1 on the ERE. Finally, the LALA mutant was less active in stimulating candidate gene expression and the KE mutant was more active than cyclin D1 in stimulating E2-SSP1 expression. Our results provide important biological support for the D1-steroid coactivator model and suggest that it is a meaningful function of cyclin D1 in invasive breast cancer.
Finally, with the identification of genes that are associated with the histologic acquisition of invasive characteristics, inhibitory strategies will be needed to prove their potential as therapeutic targets. Genes that are regulated by growth factors and the ER would be of considerable therapeutic interest as trials of combination tyrosine kinase inhibitors and ER inhibitors are initiated (38, 39) . It remains to be determined if the combination of IEX-1, E2-SSP1, and TRAF-IP augment each other's functions in breast cancer progression. However, these studies have revealed important Figure 4 . IEX-1 and TRAF-IP mRNAs are regulated by 17h-estradiol and cyclin D1. A and B, MCF-7 cells transfected with control vector, pCMV-cyclin D1, pCMV-cyclin D1 mutant KE, and pCMV mutant LALA. mRNA was harvested from the cyclin D1 transfectants in the absence (white columns marked with À) and presence (black columns marked with +) of 17h-estradiol. Columns, mean of three determinations; bars, SD. We used qrtPCR to assess fold increases in expression of IEX-1 (A ) and TRAF-IP (B) mRNAs. Y axis, fold change. C and D, ChIP was carried out using nonimmune serum, anti-ER (a-ER), and anti-CBP (a-CBP) as described in Materials and Methods. Nonimmune serum generated no signal. Columns, mean of triplicate samples shown as a percentage of input; bars, SD. ChIP assays were done for vector control-transfected cells (Vec ) and cells transfected with cyclin D1. qrtPCR assessed ER and CBP binding to the IEX-1 (C ) and TRAF-IP (D) promoters.
targets of regulation by cyclin D1 and estrogen and have confirmed the value of simultaneously studying oncogenesis in humans and mouse models.
